Distinctive translational and self-rotational motion of lymphoma cells in an optically induced non-rotational alternating current electric field In this paper, the translational motion and self-rotational behaviors of the Raji cells, a type of B-cell lymphoma cell, in an optically induced, non-rotational, electric field have been characterized by utilizing a digitally programmable and optically activated microfluidics chip with the assistance of an externally applied AC bias potential. The crossover frequency spectrum of the Raji cells was studied by observing the different linear translation responses of these cells to the positive and negative optically induced dielectrophoresis force generated by a projected light pattern. This digitally projected spot served as the virtual electrode to generate an axisymmetric and non-uniform electric field. Then, the membrane capacitance of the Raji cells could be directly measured. Furthermore, Raji cells under this condition also exhibited a self-rotation behavior. The repeatable and controlled self-rotation speeds of the Raji cells to the externally applied frequency and voltage were systematically investigated and characterized via computer-vision algorithms. The self-rotational speed of the Raji cells reached a maximum value at 60 kHz and demonstrated a quadratic relationship with respect to the applied voltage. Furthermore, optically projected patterns of four orthogonal electrodes were also employed as the virtual electrodes to manipulate the Raji cells. These results demonstrated that Raji cells located at the center of the four electrode pattern could not be self-rotated. Instead any Raji cells that deviated from this center area would also self-rotate. Most importantly, the Raji cells did not exhibit the self-rotational behavior after translating and rotating with respect to the center of any two adjacent electrodes. The spatial distributions of the electric field generated by the optically projected spot and the pattern of four electrodes were also modeled using a finite element numerical simulation. These simulations validated that the electric field distributions were non-uniform and non-rotational. Hence, the non-uniform electric field must play a key role in the self-rotation of the Raji cells. As a whole, this study elucidates an optoelectric-coupled microfluidics-based mechanism for cellular translation and self-rotation that can be used to extract the dielectric properties of the cells without using conventional metal-based microelectrodes. This technique may provide a simpler method for label-free identification of cancerous cells with many associated clinical applications. V C 2015 AIP Publishing LLC.
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I. INTRODUCTION
Research into cell behaviors, such as directed mitosis, 1 separation, 2 differential growth, 3 migration, 4 and apoptosis, 5 is significantly relevant in the life sciences and biomedical fields in order to improve our understanding of cell replication and physiology, tissue culturing, and the diagnosis and treatment of diseases. Substantial efforts have been dedicated to the study of cell behaviors by means of various approaches, such via mechanical, 6 microfluidics, 7 optical, 8 thermal, 9 and electrical 10 mechanisms. A promising category of mechanisms is AC electrokineticsbased techniques. This refers to the use of an externally applied electric field to generate or induce phenomena which include electrophoresis, 11 dielectrophoresis (DEP), 12 AC electroosmosis (ACEO), 13 induced charge electro-osmosis, 14 AC electro-thermal (ACET), 15 and electro-rotation (ROT). 16 For example, the DEP technique has been demonstrated for separating and purifying cells, 12 characterizing and detecting cell states, 17 determining the dielectric properties of cells, 18 and constructing a 3D tissue culture 19 in an integrated microfluidics-based micro-total-analysis system. Furthermore, this technique has also been explored to promote other bioengineering applications, such as for cell migration 20 and fusion. 21 Additionally, the ROT-based mechanism is another convenient method for extracting the dielectric properties of cells, such as the membrane/cytoplasm/nucleus capacitance and conductance, in a microfluidic chip via a non-uniform electric field. Due to the non-contact and non-destructive advantages for manipulating cells that are suspended in ROT-based chips, a series of studies have focused on the ROT mechanism. [22] [23] [24] [25] The effect of ROT on cells can be broadly classified into two categories based on the different electric field conditions: (1) the cells rotating within a rotational AC electric field due to a phase difference in the AC bias potential between the neighboring electrodes; and (2) certain types of cells with specific inherent dielectric properties will also self-rotate in a linearly polarized (i.e., non-rotational) AC electric field. The ROT theory and mechanism in a rotational AC electric field have been clearly defined and understood by researchers; nevertheless, cells rotating in a linearly polarized AC electric field are rarely observed and this phenomenon has been frequently questioned and argued since it was first reported. 26, 27 Turcu published a theoretical analysis to explain the reason why certain types of cells will self-rotate in a non-rotational AC electric field along an axis perpendicular to the electric field lines; a possible confirmation that this phenomena may exist under specific conditions. 28 Although the existence of this phenomenon was theoretically predicted by Turcu, actual observations of cells rotating in a linearly polarized AC electric field still remains rare, to the best of our knowledge. Recently, Chuang et al., investigated the uptake of nanoparticles by cells in order to easily obtain their membrane capacitance and conductance. They also observed the rotation of these cells in a linearly polarized AC electric field generated by the metal-based microelectrodes. 29 Moreover, Ouyang et al., described the rotational behavior of pigmented cells with different intrinsic melanin content in a linearly polarized AC electric field. They also experimentally confirmed the rotation phenomenon by seeding foreign particles into cells. Prior to seeding, these cells did not originally self-rotate in the presence of an externally applied non-rotational AC electric field. 30 In the context of these previous results, it is noteworthy to mention that the DEP and ROT techniques refer to the use of metal-based microelectrodes fabricated by conventional photolithographic techniques to generate the spatially non-uniform AC electric field. Consequently, the fixed location of these physical microelectrodes limits the flexibility for dynamic and real-time reconfigurable manipulation, once the electrodes are fabricated. Moreover, the DEP and ROT can only guide cells along a specific trajectory due to the properties of the cells and the fixed configuration of the microelectrodes. This will limit research of the translational and rotational behaviors of cells under an AC electric field.
Instead of using physical microelectrodes to generate the spatially non-uniform electric field, a novel micro-/nano-manipulation technique, called optically induced dielectrophoresis (ODEP) or optoelectronic tweezers (OET) 31 has enabled researchers to dynamically project virtual electrodes that generate the spatially non-uniform and non-rotational AC electric field. These optically projected electrode patterns are digitally generated by commercial animation software and a computer, and subsequently focused by the lenses integrated in a digital projector. This enables real-time, programmable, and parallel manipulation of cells or particles via ODEP/OET. This technique has already been explored in a large variety of applications, especially in the biomedical and bioengineering fields, such as for discrimination of normal oocytes, 32 manipulation of DNA molecules, 33 mouse embryo selection, 34 and circulating tumor cell isolation. 35 Most importantly, in the bio-related fields, this technique has been demonstrated to work with cells in a non-destructive, non-invasive, and non-contact manner. 35 In the aforementioned applications, the cell behaviors are purely translational motions. Recently, Liang et al., reported that both yeast cells and Ramos (lymphoma) cells underwent the translation and rotation motions simultaneously from the dark areas to the illuminated areas in an OET chip. 36 However, this rotation was performed in a rotational AC electric field. Our team has discovered that only specific types of cells (i.e., Melan-a cells, lymphocytes, and white blood cells) can self-rotate in an OET chip with a non-rotating AC electric field due to the physical properties of cells, such as the uneven distribution of mass within the rotating cells. Furthermore, some type of cells (i.e., RAW 267.4 macrophage cells) did not self-rotate regardless of the applied AC frequency and bias potential. 37 However, in our former study, 37 the explanation on the selfrotation of cells in an ODEP force field was qualitative and only with the investigation of the experimental parameters that affected the self-rotational speed of cells; we did not reveal the reason of the self-rotational phenomenon of cells in an non-rotational electric field. As previously noted, 38 in addition to the DEP force, there simultaneously exist two other types of AC-related electrokinetic forces, namely, ACEO and ACET flows, arising from the interaction of the electric double layers with the tangential component of the electric field and the presence of the non-uniform field resulting in Joule heating, respectively. Consequently, we herein define and use the more general term for an optically induced electrokinetics (OEK) chip. This paper focuses on the experimental investigation of the transitional and self-rotational behaviors of Raji cells (a type of B-cell lymphoma) in a non-uniform and non-rotational AC electric field in a microfluidics chip. The crossover frequencies of the Raji cells are presented and the corresponding frequency spectrum for measuring the membrane capacitance of the Raji cells is discussed. The self-rotational properties of Raji cells as a function of the applied voltage and frequency are also described. The self-rotational characteristics of the Raji cells are investigated using a pattern of four orthogonal electrodes that are optically projected. The selfrotational behaviors of the Raji cells using the four electrode pattern are broadly categorized. Furthermore, an analysis explaining the self-rotational behavior of the Raji cells in this AC electric field is also elucidated by performing a numerical simulation for two types of optical patterns.
II. MATERIALS AND METHODS
A. OEK chip structure and fabrication procedure A generalized illustration of the OEK chip used in this study is shown in Fig. 1 . The OEK chip consisted of three layers: a top glass substrate was coated with a transparent thin-film of conductive indium tin oxide (ITO) film and used as a top electrode; a microfluidic chamber, that is defined by the gap between the glass layers, is the working area of the chip for suspending the cells to be manipulated (the volume of this chamber is 2 cm Â 1 cm Â 60 lm); a thin film of photoconductive hydrogenated amorphous silicon (a-Si:H) with a thickness of 1 lm that was deposited onto a bottom ITO glass substrate.
The fabrication process for the bottom layer of the OEK chip is described in detail in our previous work. 39 In order to apply an external AC bias potential across the chip, a portion of the a-Si:H layer was etched away to provide an electrical contact to the ITO layer, as shown in Fig. 1 . A 5 mm Â 8 mm area of the a-Si:H was patterned through standard photolithography and dry-etched using an Oxford Plasma Lab 80 Plasma Etching System with 2% oxygen and 12.5% CF 4 gas in a 30 mTorr etching chamber, and a 6 min plasma exposure. Then, the chip was rinsed and cleaned with the acetone and DI water before being dried using nitrogen gas. The liquid chamber with a thickness of $ 60 lm, constructed by using polydimethylsiloxane (PDMS) as a spacer between the glass substrates, formed a microfluidic channel into which the liquid solutions were injected. In the subsequent fabrication steps, the PDMS layer was permanently bonded to the top glass substrate and to the bottom a-Si:H substrate via an oxygen plasma discharge. In general, this low cost fabrication process for the OEK chip is suitable for mass fabrication. Fig. 2 is a diagram illustrating the experimental setup for our OEK-based microfluidics platform. Briefly, this platform was composed of an image generation component, an optical transmission element, a cell motion observation section, and a motion control unit. To produce any desired optically projected images, a commercial graphics software package (Flash 11, Adobe, USA) was employed to generate the virtual electrodes in various geometrical configurations. The images were then projected onto the lower surface of the OEK chip via a commercial LCD projector (VPL-F400X, Sony, Japan) connected to a computer. In addition, a condenser lens (MS plan, 50Â, Nikon, Japan) fixed between the LCD projector and the OEK chip was used to focus and collimate the optical image onto the OEK chip. The manipulation of the Raji cells was observed and recorded by using a charged coupled device (DH-SV1411FC, 
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Liang et al. Biomicrofluidics 9, 014121 (2015) DaHeng Image, China) mounted on a microscope (Zoom 160, OPTEM, USA). The OEK chip was set on a three-dimensional digital translation platform (Leetro Automation Co., Ltd, China), which could accurately control the spatial movement of the OEK chip, as well as span the effective working areas on the chip. In order to power the OEK chip to manipulate the Raji cells, an AC bias potential, supplied by a function generator (Agilent 33 522A, USA), was applied to the top and bottom ITO glass substrates, as shown in Fig. 2 .
C. Cell preparation, characterization, and counting A Raji cell line was gifted by Dr. Xiubin Xiao from Affiliated Hospital of Military Medical Academy of Sciences, Beijing, China. The Raji cells were cultured in Roswell Park Memorial Institute (RPMI-1640) culture medium supplemented with 10% (v/v) fetal calf serum, 1% penicillin (v/v) (100 U/ml), and 1% streptomycin (v/v) (100 lg/ml) at 37 C in an incubator (Model 371, Thermo Scientific, USA) with a humidified atmosphere of 5% CO 2 . The sizes of the well cultured Raji cells were measured by an optical microscope (Hirox KH-7700, Japan), and the corresponding size distribution of the Raji cells is shown in Fig. 3 . These results showed that the Raji cell diameters under the above same culture conditions were distinctive and ranged from 9 lm to 15 lm. The different diameters for the same group of the Raji cells in the same culture time and culture condition may be due to the fact that Raji cells are during different phases in one cell-cycle. Basically, there exist four phases in a cellular cycle, namely, the G1 gap phase, the synthesis (S) phase, the G2 gap phase, and the mitosis (M) phase, and they are correlated to the size of the cells, the morphology, and changes in organelles such as the DNA contents. 40, 41 The mean value of the Raji cell diameter was $12 lm. Before each experiment, 1 ml of Raji cell suspension was taken directly out of the culturing flask, and centrifuged at 1000 rpm for 5 min at 4 C with the supernatant discarded. The collected Raji cells were resuspended into 1 ml of RPMI-1640 culture medium and centrifuged again using the same parameters to remove the residual culture medium. Then, the remaining Raji cells were resuspended into 1 ml of isotonic solution for further experiments. Herein, the isotonic solution used in our experiments consisted of 8.5% (w/v) sucrose, 0.3% (w/v) glucose, and 0.5% (w/v) bovine serum albumin (BSA) in deionized water. The BSA was added to decrease the affinity force between the cells and the a-Si:H substrate of the OEK chip. The conductivity of the isotonic solution was measured to be 1.5 Â 10 À2 S/m using a conductivity meter (Cond 3110, Germany). After the cellular suspensions were prepared, cells counts were performed using a commercial hemocytometer (Qiujing Co. Ltd., China) to keep the cell concentration of 1 Â 10 5 cells/ml constant for each of the experiments conducted in this study. A 12 ll droplet of cell solution was loaded into the OEK chip, which occupied the entire volume of the OEK chip chamber due to the capillary force. Therefore, there was no net fluid flow in the micro-chamber at initial. 
D. Measurement of the self-rotational velocity of Raji cells
The self-rotational behaviors of Raji cells were recorded by a CCD camera at a fixed frame rate of 15 fps with a resolution of 1392 Â 1040 pixels. The captured image sequences were further processed to obtain the self-rotational speeds by only focusing on the cell, as shown in Fig. 4 . The resized cell images were then processed using the computer algorithm for rotation tracking developed by our group. 42, 43 This tracking algorithm discriminates the characteristic points for each tracked cell image before recognizing any length changes among of the image sequences in comparison to the first imported image and generates a mapping similarity index. The self-rotational period could be calculated by referring to the similarity index between the image sequences. The equation for the self-rotational speeds of the Raji cells (with units of rpm), as proposed by our group in the previous work, is expressed as 30 n ¼ 5f f ps
where f fps is the frame rate and P denotes the number of frames required for a single cell to complete one period of the self-rotation. For each cell in this study, 5 consecutive periods were averaged in order to obtain a value for the self-rotational speed.
E. Characterization of the Raji cellular crossover frequency due to the ODEP force
The time-averaged ODEP force (i.e., the DEP force) exerted on cells in a fluidic medium is defined as 44 hF
where R is the cell radius, e m denotes the permittivity of the surrounding liquid medium,Ẽ rms is the root-mean-square value of the electric field, x is the angular frequency, x ¼ 2pf, where f is the applied voltage frequency across the liquid medium, and Re(K(x)) is the real part of the Clausius-Mossotti (CM) factor, which reflects the polarization property of the cells against the surrounding liquid medium in a non-uniform electric field. The DEP force acting on cells can be positive or negative, depending on the sign of the Re(K(x)) value under specific applied frequencies of the AC bias potential. Briefly, when the value of the Re(K(x)) is greater than zero, the cells will experience a positive DEP force and thus be attracted to the illuminated areas of the OEK chip; conversely, a negative DEP force will be exerted on the cells for a negative value of the Re(K(x)) and the cells will be repelled from the illuminated areas of the OEK chip. Our prior work described in Ref. 45 provides a more detailed treatment of how the applied AC waveforms and frequencies can affect the direction and distribution of the DEP force in the OEK chip. A shift of the cells between these two different translation responses (i.e., attracted and repelled motions) with respect to the positive or negative DEP forces occurs where the cellular polarization matches that of the surrounding liquid medium. Then, the corresponding crossover frequency (i.
where C mem is the membrane capacitance of the cells and r m is the conductivity of the surrounding liquid medium. For Raji cells with different diameters shown in Fig. 3 , in this study, we foresee the membrane capacitance would vary, in theory, based on Eq. (3).
III. RESULTS
A. Crossover frequency of the Raji cell by observing translational behaviors As shown in Fig. 5(a) , all of the four Raji cells were repelled from the optically projected spot and also observed to undergo a self-rotational behavior simultaneously at frequencies from 20 kHz to 55 kHz in this non-uniform electric field. In general, the Raji cells were found to lyse easily at frequencies lower than 20 kHz. When the frequency was increased to 57 kHz, Raji cell I, with a diameter of 15 lm, was attracted by the optical spot and moved to the edge of the optical spot (Fig. 5(b) ). Hence, 57 kHz was determined to be the crossover frequency for Raji cell I. However, Raji cell II, with a diameter of 14 lm, was pulled by the optical spot with a slight translation motion and the other two Raji cells were still located at the initial position with self-rotation behaviors under this condition. Furthermore, when the frequency was gradually changed to 60 kHz, the Raji cell II moved to the edge of the optical spot and the Raji cell I was fully drawn into the inner of the optical spot shown in Fig. 5(c) . Thus, 60 kHz was the corresponding crossover frequency for Raji cell II. When the frequency was continuously adjusted to 64 kHz, the Raji cell III with a diameter of 13 lm was pulled into the edge of the optical spot (Fig. 5(d) ). The 64 kHz of frequency was the corresponding crossover frequency for the Raji cell III. When the frequency was further increased to 75 kHz, Raji cell IV with a diameter of 10 lm was finally attracted to the edge of the optical spot (Fig. 5(e) ). 75 kHz was determined to be the crossover frequency for Raji cell IV. At 30 s, when both the optical spot and the AC bias potential were shut off, the final positions of the four different Raji cells are shown in Fig. 5(f) . This means that all four different Raji cells, with different diameters, were manipulated by the positive DEP force once they moved to the optical spot.
To further investigate the trend of the crossover frequencies versus the diameters of the Raji cells, a series of experiments similar to the process described in Fig. 5 were performed systematically. The experimental results shown in Fig. 6 mean that the crossover frequencies for the Raji cells decreased as the cell diameter increased. The corresponding curve also demonstrated that the crossover frequencies for the Raji cells linearly decreased when the cell diameters increased. Furthermore, by using Eq. (3) and combing the experimental results for the crossover frequencies versus the Raji cell diameters, the cell membrane capacitances can easily be extracted, as shown in Fig. 7 . The membrane capacitances ranged from 7.90E-3 6 0.27E-3 F/m 2 to 9.40E-3 6 0.34E-3 F/m 2 . The curve fit result for the calculated Raji cell membrane capacitance confirmed the inverse relationship with cell diameter. The decrease in the membrane capacitance as the Raji cell diameters increased may be a result of the Raji cells being in different cell-cycle phases. Furthermore, compared to the Raji cells with smaller diameters, the Raji cells with larger diameters may have a decrease in the effective polarization in this optically induced non-uniform electric field on the OEK chip proposed in this study.
B. Variables affecting the self-rotation speeds of the Raji cells
The impact of the AC frequency and the bias potential on the self-rotational speed of the Raji cells are presented in this section. The same virtual electrode pattern (e.g., a spot with a diameter of 60 lm) is used in these experiments. FIG. 6 . Crossover frequencies of the Raji cells as a function of the cell diameters. In the figure, each data point is indicated as a mean value 6 standard deviation (n ¼ 5). Fig. 8 shows the self-rotational speeds of Raji cells with respect to the applied AC frequencies at a constant AC bias potential of 10 V pp . The Raji cells, located at a distance of 120 lm from the optical spot center, were recorded and measured to obtain the corresponding selfrotation speeds under different AC frequencies. Due to the large distance between the Raji cell locations and the center of the optical spot, the Raji cells exhibited a much weaker translation motion during the entire experimental process. As plotted in Fig. 8 , the Raji cells could selfrotate at the applied frequencies ranging from 20 kHz to 300 kHz using the OEK chip, and the maximum self-rotational speed had a value of 147.0 6 8.6 rpm at a frequency of 60 kHz. At frequencies less than 20 kHz, the bubbles were easily generated at the illumination area due to the heating effect and the Raji cells were therefore observed to burst. If the frequency was over 300 kHz, the Raji cells did not rotate due to only a smaller voltage drop across the liquid layer of the OEK chip. This experimental result verified that the self-rotational speeds of the Raji cells were linked to the applied frequency. It should be also noted that this ROT spectrum of the self-rotational speeds of the Raji cells versus the applied frequency was very similar to the typical ROT spectrum in a rotational AC electric field. 
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Liang et al. Biomicrofluidics 9, 014121 (2015) Fig. 9 presents the self-rotational speeds of the Raji cells as a function of the applied AC bias potentials from 0 V pp to 10 V pp at a constant frequency of 60 kHz. The tracked Raji cells were originally located at 130 lm from the optical spot center. The Raji cells were at rest from 0 V pp to 1 V pp initially, and then began to rotate at a self-rotational speed of 3.5 6 0.3 rpm at an AC bias potential of 2 V pp . The self-rotational speeds of the Raji cells increased nonlinearly when the applied AC bias potential was linearly increased from 2 V pp , as shown in Fig. 8 . The best fit curve shows a quadratic dependence of the self-rotational speeds of the Raji cells on the applied AC bias potential. This relationship was found to be similar to that previously described in typical DEP or ODEP cases, 30, 33, 37, 45 meaning that this self-rotation phenomenon is also related to the electric field.
C. Self-rotation behaviors of Raji cells under four optically projected electrodes
Four optically projected electrodes in an orthogonally aligned pattern, as illustrated in Fig. 1 , were employed to manipulate Raji cells and to investigate the parameters associated with their corresponding rotational behaviors. The geometric configuration of the physical four electrode pattern was commonly adopted by traditional ROT experiments to generate a rotational AC electric field, operating on the phase difference in the AC bias potential. [22] [23] [24] [25] Fig . 10 shows the experimental process to observe the Raji cell self-rotation behaviors under the optically projected four electrode pattern. See online movie for complete experimental details (Multimedia view). Raji cell I, with a diameter of 13 lm, was still located at the center area created by the four electrodes when a frequency of 40 kHz at AC bias potential of 5 V pp was applied, as shown in Figs. 10(a) and 10(b) , respectively. However, Raji cell I began to deviate from the center area when the frequency was increased to 65 kHz at an AC bias potential of 10 V pp, as shown in Fig. 10(c) . Then, Raji cell I would self-rotate at a speed of 20.5 rpm. After 5 s, Raji cell I translated back to the center area again and did not show any further self-rotation when the frequency was increased to 70 kHz, as shown in Fig. 10(d) . During the aforementioned process, the Raji cell II and the Raji cell III, both with diameters of 11 lm, were gradually attracted towards the optical pattern and simultaneously exhibited selfrotational behaviors. Raji cell IV, with a diameter of 10 lm, was initially located outside of the field-of-view of the microscope and was also attracted towards the optical pattern. Furthermore, as shown in Fig. 10(e) , at a frequency of 75 kHz, the 13 lm Raji cell I deviated again from the center area of the four electrodes due to a positive DEP force; the 10 lm Raji cell IV, that was attracted to the optical pattern with a gradually increasing translation speed from 1.7 lm/s to 12.3 lm/s, also showed self-rotation with a speed of 70.3 rpm; Raji cell V, with a diameter of FIG. 9. Self-rotational speeds of the Raji cells versus applied AC bias potentials from 0 V pp to 10 V pp at a constant frequency of 60 kHz. In the figure, each data point is indicated as a mean value 6 standard deviation (n ¼ 5).
10 lm, slowly moved towards the optical pattern. Raji cell III was the first cell to come to rest after self-rotating and translating to the center area between the two adjacent electrodes, as depicted in Fig. 10(f) . When the frequency was further adjusted to 80 kHz, as shown in Fig. 10(g) , the 10 lm Raji cell V began to accelerate towards the optical pattern at an increased speed from 2.2 lm/s to 21.5 lm/s and a self-rotational speed as high as 102.5 rpm, respectively; Raji cell VI, with a diameter of 11 lm, was slowly attracted towards the optical pattern. At 50 s, Raji cell V came to rest in the center area formed by the two adjacent electrodes. After 12 s, both of the 11 lm Raji cell II and 10 lm Raji cell IV were also at rest after moving to the center area between two adjacent electrodes, respectively. At 69 s, as shown in Fig. 10(k) , Raji cell VI was finally at rest and next to Raji cell II. When the frequency was set at 100 kHz, Raji cell I translated to the center area between the two adjacent electrodes and finally stopped. Generally, the self-rotational motion of Raji cells occurred in specific areas of the four electrode pattern. Hence, we consistently identified 2 electrode regions based on the behavior of the cells, i.e., self-rotational and non-rotational areas. To ascertain whether the optically induced electric field is rotational or not, a numerical simulation using a commercial finite element method software package (COMSOL Multiphysics 4.3, Sweden) was conducted. Considering the impedance effects of the a-Si:H layer and the AC bias potential across the liquid microchamber, we used the time-harmonic analysis module in the software to model a quasi-static electrical current field with 2D axial symmetry in order to solve Maxwell's equations for the two sub-domains of the a-Si:H layer and the liquid microchamber. The corresponding boundary settings were the same as those discussed in our prior work. 38, 45 In this simulation, the liquid conductivity was 1.5 Â 10 À2 S/m, the dark conductivity of the a-Si:H was 1 Â 10 À11 S/m, and the photoconductivity was 4 Â 10 À5 S/m. The experimental values were obtained for our a-Si:H film using a source meter (Keithley 2410, USA). An AC bias potential of 10 V pp with a sine waveform at a frequency of 60 kHz was selected. Moreover, the relative dielectric constant of the liquid and the a-Si:H were 78 and 11, respectively. The simulation results for the electric field distribution in the liquid microchamber, as induced by the optically projected spot, are shown in Fig. 11 . In order to track the change in the electric field over one complete cycle of the AC bias potential, four 90 phase angle increments of the AC voltage waveform were simulated. Generally, we assumed the sinusoidal waveform for the AC bias potential had an initial phase of 10 , herein. Simulation results demonstrated that the electric field was non-uniform; however, over one cycle of the AC bias . In all of the four images, the surface colors indicate the magnitude of the electric field and the length of the arrows represented the direction and amplitude of the electric field. To visually enhance the non-uniformity of the electric field in these images, the magnitude of the electric field was plotted on a logarithmic scale. potential, only the direction and magnitude of the electric field changed. Thus, there was indeed no electric field rotational during a cycle of the AC bias potential from the simulation results in Figs. 11(a)-11(d) . This implied that the non-uniform electric field played a vital role in the self-rotational behaviors of the Raji cells. As described and discussed in the previous theory about self-rotation by Turcu, 28 an initial electrical torque would be generated when the dipole polarization of specific particles was not parallel to the electric field. Then, this initial torque contributed to growing oscillations resulting in the dynamic rotation.
The spatial electric field distribution induced by the four orthogonal electrode pattern was also calculated using the same simulation method as described in Fig. 11 . The time-harmonic analysis 3D module in the software was employed to model a quasi-static electrical current field. These simulation results demonstrated that the magnitude of the electric field was higher around the illuminated areas of the optical patterns ( Fig. 12(a) ). As shown in Fig. 12(b) , the electric field at the center of the four electrode pattern and between any two adjacent electrodes was uniform, i.e., the Raji cells did not show the self-rotation behavior as proven by the experiment results in Fig. 10 . Furthermore, the Raji cells exhibited the self-rotational behavior at the non-uniform electric field areas in Fig. 12(b) , as verified and described by the experimental results in Fig. 10 . This simulation result validates that the non-uniform electric field resulted in the self-rotation behavior in the Raji cells.
B. Self-rotation versus the typical ROT
The self-rotational behavior of cells studied in this paper was significantly different from the typical ROT. This self-rotation did not require the presence of a rotational electric field and the motion could be produced by an axisymmetric and non-uniform electric field, using the same four orthogonal electrode pattern commonly employed in ROT experiments. The single cell could also rotate at locations far from or near to the virtual electrodes. However, there definitely exist some similarity between the self-rotation and the typical ROT effect, since both phenomena were directly related with the electric field distribution and the AC bias potential and frequency. Moreover, the methodology proposed in this paper for extracting the dielectric parameters of the cells also has the advantages of only needing dynamically projected virtual electrodes.
V. CONCLUSION
The translational and self-rotational behaviors of Raji cells have been discussed and described using optically projected patterns to define virtual electrodes on an integrated FIG. 12 . Simulation results of the electric field distribution generated by the optically projected four electrode pattern. (a) The distribution of the electric field generated by the optical patterns where the maximum electric field in reddish orange is located over the illuminated projected pattern. (b) The electric field distribution at the center areas formed by the four orthogonal electrode patterns which shows the location of the most uniform electric field distribution in blue. microfluidics chip. The distinctive property of the membrane capacitances for Raji cancer cells were derived by determining their ODEP crossover frequencies. By using an optical spot pattern as a virtual electrode, the dependence of the self-rotational speeds of Raji cells on the applied AC frequency and the bias potential were quantified with the aid of computer-vision algorithms. The self-rotational speed of the Raji cells reached a maximum value at a frequency of 60 kHz, with a constant AC bias potential, and also increased with the increase of the AC bias potentials, when the applied frequency was held at constant. Moreover, the self-rotational behaviors of Raji cells in the presence of four optically projected orthogonal electrodes were also experimentally investigated. The areas formed by the four electrode pattern could be broadly classified into regions where the Raji cells could or could not self-rotate. The subsequently numerical simulation of the electric field distribution induced by the projected spot theoretically validated that the induced electric field in the liquid microchamber was non-uniform and non-rotational. Furthermore, electric field distributions for the four electrode pattern were also simulated and these results confirmed that the non-uniform electric field played a pivotal role in the self-rotation behavior of the Raji cell. The methodology proposed in this paper could potentially be developed into a label free, cell-friendly, rapid, low-cost, and automated technique for real-time identification and sorting of cancerous cells by the variations in measured self-rotation speeds and/or the self-rotational and non-self-rotational characteristics for different types of cells. Furthermore, the ability to easily extract the dielectric parameters of the cell membrane by determining the DEP/ODEP crossover frequency could be correlated to the current state of cell growth. This is potentially the most useful application of this method.
